Agricultural and industrial practices more than doubled the intrinsic rate of terrestrial N fixation over the past century with drastic consequences, including increased atmospheric nitrous oxide (N 2 O) concentrations. N 2 O is a potent greenhouse gas and contributor to ozone layer destruction, and its release from fixed N is almost entirely controlled by microbial activities. Mitigation of N 2 O emissions to the atmosphere has been attributed exclusively to denitrifiers possessing NosZ, the enzyme system catalyzing N 2 O to N 2 reduction. We demonstrate that diverse microbial taxa possess divergent nos clusters with genes that are related yet evolutionarily distinct from the typical nos genes of denitirifers. nos clusters with atypical nosZ occur in Bacteria and Archaea that denitrify (44% of genomes), do not possess other denitrification genes (56%), or perform dissimilatory nitrate reduction to ammonium (DNRA; (31%). Experiments with the DNRA soil bacterium Anaeromyxobacter dehalogenans demonstrated that the atypical NosZ is an effective N 2 O reductase, and PCRbased surveys suggested that atypical nosZ are abundant in terrestrial environments. Bioinformatic analyses revealed that atypical nos clusters possess distinctive regulatory and functional components (e.g., Sec vs. Tat secretion pathway in typical nos), and that previous nosZ-targeted PCR primers do not capture the atypical nosZ diversity. Collectively, our results suggest that nondenitrifying populations with a broad range of metabolisms and habitats are potentially significant contributors to N 2 O consumption. Apparently, a large, previously unrecognized group of environmental nosZ has not been accounted for, and characterizing their contributions to N 2 O consumption will advance understanding of the ecological controls on N 2 O emissions and lead to refined greenhouse gas flux models.
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nitrogen cycle | climate change F ossil fuel combustion, agricultural practices (e.g., the cultivation of legumes promoting microbial N 2 fixation, manure application), and the conversion of nonreactive N 2 to ammonium in the Haber-Bosch process are the main causes of the increased input of fixed (reactive) nitrogen (N) into the environment (1) . This anthropogenic contribution to the N imbalance has a series of environmental consequences, and particularly troubling are climate change concerns stemming from the release of N 2 O gas into the atmosphere. N 2 O is a greenhouse gas with a global warming potential 310 times greater than that of the equivalent amount of CO 2 (2) (3) (4) and promotes ozone destruction in the stratosphere (5) (6) (7) (8) . Global measurements demonstrate that atmospheric N 2 O has increased steadily over the past 250 y (9) , indicating that current global sources exceed global sinks [(10); World Meteorological Organization, www.wmo.int/pages/mediacentre/press_releases/ documents/GHG_bull_6_en.pdf]. The major sources for atmospheric N 2 O are biotic and coupled abiotic processes occurring in soil, sediment, and subsurface ecosystems (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) , and additional N 2 O emissions result from coupled microbial-abiotic processes (chemodenitrification). For example, ferric iron-reducing bacteria generate ferrous iron, which reacts chemically with nitrite to produce N 2 O (22-24). Contemporary greenhouse gas models presume that N 2 O-to-N 2 reduction (i.e., the final step of the denitrification pathway) is the major attenuation process controlling N 2 O flux to the atmosphere. Denitrification sensu stricto (i.e., complete denitrification) is a process catalyzed by microorganisms that possess the enzymatic machinery including Nar and/or Nap (NO 3 − → NO 2 − ), Nir (NO 2 − → NO), Nor (NO → N 2 O), and Nos (N 2 O → N 2 ) for the stepwise reduction of NO 3 − to N 2 (21) . Attempts to predict N 2 O emissions based on denitrifier nosZ gene abundance and expression revealed an incongruity between the predicted and the actual N 2 O emissions, suggesting the existence of an unaccounted N 2 O sink (25-28). To explore the basis of this discrepancy, we screened 126 bacterial and 7 archaeal genomes containing nosZ and found a broad distribution of nosZ genes across 16 taxonomic groups of Bacteria and the Archaea. This analysis revealed uncharacterized (novel) nosZ genes encoding functional NosZ (N 2 O reduction to N 2 ) in diverse taxonomic groups, far exceeding the known nosZ diversity of complete denitrifiers. Thus, our study expands the current understanding of the nitrogen cycle and provides enhanced means to monitor and model N 2 O emissions into the atmosphere.
Results and Discussion
Expanded NosZ Diversity and Prevalence in Taxonomically Diverse Populations. To date, N 2 O-to-N 2 reduction in the environment has been attributed exclusively to denitrifying microorganisms expressing the typical Z-type NosZ (29, 30). Typical nosZ genes (77 sequences) were found on 75 genomes belonging to the Alpha-, Beta-, and Gammaproteobacteria harboring complete sets of denitrification genes. Ten genomes harboring a typical nosZ lacked nirS or nirK homologs, corroborating previous observations that some microorganisms with a typical nosZ may not denitrify (21, 30 identified bacteria with phylogenetically distinct, atypical nosZ genes in diverse microbial taxa abundant in terrestrial and marine environments. The NosZ phylogeny in Fig. 1 displays the broad diversity of organisms with regard to both taxonomic affiliation and predicted N-respiration metabolism. Of 136 NosZ protein sequences, 77 represented the typical NosZ encoded on the genomes of well-characterized complete denitrifiers (e.g., Bradyrhizobium japonicum). A separate cluster with robust bootstrapping support comprised 55 atypical NosZ sequences, which were distributed across genomes of 13 bacterial and 2 archaeal phyla ( Fig. 1) . Fewer than half of these atypical NosZ (i.e., 24 sequences) resided on genomes carrying nirK or nirS, which are hallmark genes of the denitrification process. Remarkably, atypical nosZ genes were found on 15 genomes possessing nrfA but lacking nirK or nirS, on 16 genomes lacking any known type of nitrite reductase (i.e., not possessing nrf, nor, or nir genes), and 2 genomes with both nrf and nir genes. The latter observation reveals that complete denitrification and ammonification pathways may be encoded on the same genome, contrasting with the prevailing view of pathway incompatibility (31). Both pathways coexist in the genomes of Opitutus terrae and Marivirga tractuosa possessing atypical nosZ genes, and in Shewanella loihica with a typical nosZ gene, indicating that some organisms are capable of nitrate reduction to both ammonium and gaseous products. Importantly, these analyses demonstrate that taxonomically diverse microbes possess atypical nosZ genes, including the thermophilic Aquificae and the deepbranching Chloroflexi phyla ( Fig. 1) , indicating that N 2 O-to-N 2 reduction in soils, sediments, and other habitats is not limited to the activity of complete denitrifiers harboring the typical nosZ.
Evidence That Atypical nosZ Genes Encode N 2 O Reductases. Observations with the eukaryotic host-associated bacterial species Wolinella succinogenes and Campylobacter fetus provided the first evidence that the atypical NosZ are functional, as both these species cannot denitrify but grow with N 2 O as electron acceptor (32, 33). Subsequent biochemical and genetic studies corroborated functionality as N 2 O reductases; however, the diversity and abundance of atypical nosZ were not explored ( Fig. 1) . Of environmental significance are Anaeromyxobacter spp., which are distributed in many soil ecosystems based on their detection in and/or isolation from arid, forest, tropical, and compost soils (34-36). The atypical NosZ of Anaeromyxobacter dehalogenans shares only 33% amino acid identity with the typical Z-type NosZ of the well-characterized denitrifier B. japonicum (37, 38). To verify the physiological function of this atypical NosZ as an N 2 O reductase, growth experiments with the nondenitrifying species A. dehalogenans were conducted. Consistent with the lack of nir genes associated with the denitrification pathway and the presence of nrfA, Anaeromyxobacter strains reduced nitrate and nitrite stoichiometrically to ammonium (SI Appendix, Fig. S1 ) (35). Growth also occurred with N 2 O as electron acceptor (Fig. 2) A genetic system for Anaeromyxobacter is not available to elucidate the detailed function(s) of individual components of the atypical nos cluster; however, multiple independent lines of evidence support that the atypical NosZ catalyzes N 2 O reduction. Querying sequences of typical nosZ sequences against the available strain 2CP-C genome revealed that only Adeh_2402 (ABC82172), the gene encoding the atypical NosZ, yielded a robust match. In fact, only the atypical NosZ, but no other oxidoreductases or cytochromes encoded on the strain 2CP-C genome, shared the key characteristic amino acid residues (SI Appendix, Fig. S2 ). The atypical nosZ also is part of a nos operon, which does not appear to be missing any key functional component compared with typical nos clusters (Fig. 3) . Finally, the atypical NosZ of Geobacillus thermodenitrificans and the nondenitrifying rumen symbiont W. succinogenes have been demonstrated to reduce N 2 O (33, 40) and show relatively high amino acid identity to the A. dehalogenans NosZ (39% and 53%, respectively), indicating that the latter homolog encodes the key N 2 O reductase on the A. dehalogenans genomes.
Mature NosZ are located in the periplasm or are membrane associated (30), and the typical and atypical NosZ differ in regard to the secretion pathway used to deliver the protein across the cytoplasmic membrane. All typical NosZ possess the twin-arginine translocation (Tat) signal peptide with the characteristic [RRx (FjL)] motif (43). In contrast, the atypical NosZ, except those of the Chloroflexi, possess an N-terminal Sec-type signal peptide (44). Additional differences between typical and atypical NosZ proteins occur in two of the seven conserved histidine residues involved in binding of the catalytic copper center (Cu Z ) (30, 45). Among the 77 typical NosZ, the Cu Z -binding motifs associated with the first two histidines, DxHHxH, and the last histidine, EPHD, exhibited 100% conservation (SI Appendix, Fig. S2 ). Fewer conserved residues were found in the Cu Z -binding motifs of atypical NosZ (i.e., DxHH and EPH), suggesting structural and possibly mechanistic differences that may explain the increased growth efficiency observed in A. dehalogenans strain 2CP-C. comprise 10 or 11 genes and share the 4 NosZ maturation genes nosD, nosF, nosY, and nosL with the denitrifier-characteristic nos clusters, comprising only 6-8 genes (Fig. 3 ). All nos clusters with the atypical nosZ lack nosR and nosX, which have been implicated in NosZ expression (37, 46, 47) and electron transfer to NosZ (30), respectively, in complete denitrifiers. Distinctive features of the Anaeromyxobacter nos clusters included four genes upstream of nosZ, which encode proteins with two 4Fe-4S ironsulfur motifs (CxxCxxCxxxCP), a 2Fe-2S Rieske iron-sulfur motif (CxH. . .CPCH), two b-type cytochrome domains [pfam0003(2j3)], and five c-type cytochrome (CxxCH) motifs, respectively, suggesting they serve electron transport functions (Fig. 3) . Structurally similar nos clusters were encountered in Desulfitobacterium spp. and Desulfomonile tiedjei; however, the presence and organization of genes encoding electron transfer proteins were variable in other nos clusters with atypical nosZ. For example, the nos cluster of the Epsilonproteobacterium W. succinogenes, a bovine rumen symbiont (33), produces a NosZ with a c-type cytochrome domain near the C terminus, and genes with electron transfer functions are located downstream of nosZ. Another unique feature of all nos clusters with the atypical nosZ was a gene encoding a transmembrane protein of unknown function typically located immediately downstream of nosZ (Fig. 3 ).
Current PCR Primers Underestimate nosZ Abundance and Activity.
Alignment of multiple nosZ sequences that included both typical Z-type and atypical nosZ genes revealed sequence divergence (i.e., mismatches) at sites targeted by previously designed nosZ-specific PCR primers that had been used to estimate the abundance and activity of complete denitrifiers (48-53) (SI Appendix, Fig. S3 ). PCR assays confirmed that commonly used nosZ-targeted primer sets including Nos661F/Nos1773R (52), NosZ-F/nosZ1622R (51, 53), nosZ1F/nosZ1R, and nosZ2F/nosZ2R (49) are not comprehensive and fail to amplify the atypical nosZ genes. Conserved sequence features distinguished the atypical and typical nosZ genes and are suitable for designing PCR primer sets that selectively amplify atypical nosZ genes. Based on the nosZ sequences from five available Anaeromyxobacter genomes, we designed primers NosZ-912F and NosZ-1853R to amplify an ∼880 bp-long nosZ fragment (SI Appendix, Table S2 ). This primer pair, designed to target the Anaeromyxobacter nosZ, did not amplify the typical nosZ of P. stutzeri or the atypical nosZ of Desulfitobacterium spp. and W. succinogenes. Anaeromyxobacter cells per gram of soil were enumerated using quantitative real-time PCR (qPCR), and the Anaeromyxobacter-type nosZ gene was detected using direct and nested PCR in 62 (81%) of the agricultural soil samples (SI Appendix, Fig. S5 ). The abundance of Anaeromyxobacter 16S rRNA genes showed a statistically significant correlation with the presence of the atypical Anaeromyxobacter-type nosZ gene (Fig.  4) , corroborating that the direct/nested PCR specifically amplified Anaeromyxobacter-type nosZ gene fragments, and supporting the hypothesis that nondenitrifiers with the atypical nosZ represent an important and heretofore unrecognized group contributing to N 2 O consumption in soils. PCR amplicons obtained from three Illinois soils (Havana, Urbana, and Dekalb) with A. dehalogenansspecific nosZ primers were cloned and sequenced. Amino acid sequences inferred from 11 distinct nosZ fragments (∼900 bp) shared high similarity with NosZ of A. dehalogenans strain 2CP-C (SI Appendix, Fig. S6 ), ranging from 74% to 94% identity (77-91% pairwise nucleotide identity). Among the atypical nosZ amplicons retrieved from the three sites, nine other sequences had high similarity (>72% amino acid identity) to the NosZ identified in Gemmatimonas aurantiaca, suggesting a wider range of atypical nosZ homologs is present in these soils. The abundance of complete denitrifiers in soils ranges from 10 5 to 10 7 cells per gram (49), similar to the numbers of Anaeromyxobacter cells we quantified in the agricultural soils. Considering that nos clusters with atypical nosZ genes occur in nondenitrifying (and some denitrifying) genera common to soil ecosystems, and that our primers targeted only a subset of the atypical nosZ genes, the relative abundance of atypical NosZ may in fact exceed that of typical Z-type NosZ. In support of this hypothesis, additional common soil bacteria, including ammonifying Desulfitobacterium spp. and denitrifying Bacillus, Geobacillus, and Dechloromonas spp., also harbor atypical nosZ genes ( Fig. 1) 
(50).
Conclusions and Future Perspectives. All complete denitrifiers are facultative aerobes and represent an ecophysiologically homogeneous group that switches from oxygen respiration to denitrification when soils become anoxic following rain events. The nondenitrifying N 2 O reducers with atypical NosZ are ecophysiologically more diverse and occupy a much broader range of habitats, including anoxic, microaerophilic, oxic, psychrophilic, piezophilic, thermophilic, and halophilic environments. These findings indicate that microbial populations with atypical nosZ genes, including nondenitrifying Anaeromyxobacter spp., are potential contributors to N 2 O reduction in soils and sediments, as well as in other habitats where N 2 O sources (e.g., chemodenitrification, nitrification) exist. These findings further demonstrate that the combined contributions of both complete denitrifier and nondenitrifier N 2 O reducers must be quantified to obtain a meaningful measure of the catalysts involved in N 2 O reduction.
Because the currently applied molecular tools used to estimate nosZ gene activity are not comprehensive and miss the contributions of microbes carrying an atypical nosZ gene, current assessments of nosZ transcripts would underestimate the actual activity. The environmental nosZ sequences reported here will aid the design of refined PCR tools to comprehensively assess and measure the abundance and activity of microbes controlling N 2 O flux. N 2 O is a potent greenhouse gas that destroys the ozone layer and therefore affects global warming and climate change. Obviously, the processes that affect (i.e., control) N 2 O flux must be understood, and substantial efforts have elucidated N 2 O sources to generate refined N 2 O emission models (4, 54, 55). To date, complete denitrifiers have been considered the key functional guild that controls N 2 O emissions from soil and sediments to the atmosphere (28, 56-58). Our results imply that the analysis of the typical denitrifier nosZ provides an incomplete picture and is insufficient to account for or accurately predict N 2 O flux. The discovery of functional, atypical nosZ genes from Bacteria and Archaea from a variety of habitats, including agricultural soils, indicates that a much broader group of microbes contributes to N 2 O turnover. This heretofore unrecognized diversity broadens our understanding of the ecological controls of N 2 O consumption, and the contributions of microbes with atypical nosZ genes should be considered in monitoring regimes and future greenhouse gas flux models.
Materials and Methods
Details of all methods used in this study are described in the SI Appendix, Materials and Methods. The SI Appendix is divided into three sections: (i) organisms, culture conditions, growth yield measurements and analytical procedures; (ii) molecular techniques including DNA extraction, primer design and PCR protocols; and (iii) computational analyses and methodologies. Additional references provide further information about procedures and analytical techniques. Primer design and PCR. Primers used in this study are shown in To explore if the prevalence of Anaeromyxobacter-type nosZ genes in environmental samples correlated with Anaeromyxobacter abundance, environmental samples were queried with direct and nested nosZ gene-targeted PCR and 16S rRNA gene-targeted qPCR (Table S2) . PCR amplicons were separated in 1% agarose gels in Tris-acetate- 4 EDTA buffer, and a positive score was assigned when a band of the correct size was obtained following ethidium bromide staining (1 µg mL -1 ). Select amplicons were purified (QIAquick PCR purification kit; QIAGEN) and partially sequenced using an ABI 3100 genetic analyzer (ABI). The TaqMan qPCR assay for the enumeration of Anaeromyxobacter spp. 16S rRNA genes, including sensitivity analysis and construction of calibration curves, was described (5, 7). Each Anaeromyxobacter dehalogenans strain 2CP-C cell possesses two 16S rRNA gene copies per genome (CP000251), and the gene copy numbers determined by qPCR were divided by two to calculate the cell numbers.
The analysis of the available Anaeromyxobacter genomes revealed a single nosZ gene copy per genome (CP001359, CP000251, CP000769, and CP001131). qPCR assays consisted of 30 µL reactions containing 100 nM concentrations of each primer, 15 µL
Power SYBR Green PCR master mix (Applied Biosystems, Foster City, CA), 1-5 ng template DNA and an ABI Prism 7500 Sequence Detection system (Applied Biosystems).
The temperature program used was: 2 min at 50°C and 10 min at 95°C, followed by 40 cycles of 15 sec at 95°C, and 60 sec at 60°C.
Growth yield measurements. Growth yields were determined gravimetrically and with qPCR targeting the 16S rRNA and nosZ genes. For gravimetric yield determination, Pseudomonas stutzeri strain KC and Anaeromyxobacter dehalogenans strains 2CP-C and R were grown with N 2 O as an electron acceptor. Aliquots (50 mL) of 100 mL replicate cultures were filtered through a pre-weighed 0.3 µm glass fiber filter (Advantec GF75), baked at 105° C overnight, and weighed after cooling in a desiccator. Filters were placed in a 500°C furnace for 1 hour to combust cell-associated organic carbon before they were cooled and weighed again. The cell dry weight in mg L -1 was calculated according to the formula: (((mass filter 105°C -initial filter mass) -(mass filter 500° C -initial filter mass)) x (vol L (0.05)) -1 ).
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Computational analysis. A set of 136 NosZ amino acid sequences, representing 133 complete genome sequences, were downloaded from GenBank (Table S3) A neighbor-joining tree (Poisson-correction) was constructed using MacVector 10.6 based on 1,000 bootstrapped replicates. NosZ protein sequences from all Anaeromyxobacter dehalogenans strains and select denitrifiers were used as reference sequences (Table   S3 ). The atypical nosZ sequences obtained in this study were deposited in GenBank (GU185838.1-GU185857.1).
Analytical methods. N 2 O consumption and N 2 production were monitored in cultures with
He/CO 2 headspace. Headspace gas composition was analyzed using a gas 
Bradyrhizobium japonicum USDA110 DNPKE-YHSIFTALDGDT-----MKVAWQVMVSGNLDNVDSDYQGK----
Bradyrhizobium japonicum USDA110 -YCFSTCYNAEEGVT---------LAEMTANEQDWVVIFNLKRIEEAVKK Rhodobacter sphaeroides denit.
-
Bradyrhizobium japonicum USDA110
LG--LGPLHTAYDG-KGNAYTTLFLDSQVVKWNIDLAKRAFKGEK-VDPI Rhodobacter sphaeroides denit.
LG
--LGPLHTAFDG-AGNCYTSLFLDSQVVKWNIDKAIRAYNGEK-VDPI Paracoccus denitrificans
LG--LGPLHTAFDG-RGNAYTSLFLDSQVVKWNIEDAIRAYAGEK-VDPI Achromobacter cycloclastes
LG--LGPLHTAFDG-RGNAYTSLFLDSQVVKWNIDEAIRAYAGEK-INPI Ralstonia eutropha H16
LG--LGPLHTAFDG-RGNAYTTLFLDSQLVKWNLDAAIKFHKGDKNAKYV Pseudomonas stutzeri
LG--LGPLHTTFDG-RGNAYTTLFIDSQVVKWNMEEAVRAYKGEK-VNYI Pseudomonas aeruginosa
LG--LGPLHTTFDG-RGNAYTTLFIDSQVVKWNMEEARRAYKGEK-VNYI Wolinella succinogenes
LG In 12 of the samples, the Anaeromyxobacter nosZ gene was not detected (score "-").
Anaeromyxobacter cell numbers were determined by 16S rRNA gene-targeted qPCR with a genus specific primer set (Table S2 ). ND=not detected. 
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Supporting Tables   Table S1 . Cell yields associated with growth-linked N 2 O reduction by strain 2CP-C.
All values represent averages and standard deviations from triplicate cultures. Using 16S rRNA gene-targeted primers 2CPC112F and 2CPC227R (Table S2) 
